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quadrature (i.e. has a 90° phase relationship) to the motion induced by applied 
rotation rates, and may be present even when the gyroscope is not rotating. 
The magnitude of these signals may also be large in comparison to the required 
in-phase signal which provides the rotation rate information. Recovering the 
required rotation induced signal in the presence of a large quadrature signal 
places stringent requirements on the phase accuracy of the detection system. 
Accurately phased electronics enable the quadrature signal to be substantially 
rejected. However practical limitations on the accuracy with which this phasing 
can be set mean that some of this signal will typically remain to contaminate the 
true rotation induced in-phase signal. This limitation is a major source of error 
for this type of Vibrating Structure Gyroscope. 

There is therefore a need for a method for further minimising the impact 
of quadrature error on vibrating structure Coriolis gyroscope performance. 

According to one aspect of the present invention there is provided a 
method for reducing bias error in a Vibrating Structure Gyroscope having a 
vibrating structure, primary drive means for putting the vibrating structure into 
carrier mode resonance, primary pick-off means for sensing carrier mode 
motion, secondary pick-off means for sensing response mode vibration of the 
vibrating structure in response to applied rotation rate, secondary drive means 
for applying a force to control the response mode motion, closed loop primary 
control loops for maintaining a fixed amplitude of motion at the primary pick-off 
means and for maintaining the drive frequency at the resonance maximum, and 
secondary control loops for maintaining a null at the secondary pick-off means, 
in which the ratio SF QUAD over SF in ^hase is measured from the secondary^ 
control loop to provide a direct measurement of Sin fo SD + $ PPO ), according to 
the relationship; 

~'- SFq'uad = SF| N .phase x Sin (<|>sd + <(>ppo) 
where SF QUAD is the quadrature scale factor, SF, n . P has E is the in-phase scale 
factor, <j) SD is the phase error in the secondary drive means and $ PP0 is the 
phase error in the primary pick-off means, the total phase error <j>g is obtained 
directly from the measured Sin (<j> SD + <|> P po) according to the relationship; 
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Conveniently in-phase and quadrature signal components are each 
multiplied by Sin <frcoR R and Cos^orr, where <|>cor R is the phase correction, and 
the effective phase of each in-phase and quadrature channel adjusted 
according to the summations 

Quadratureco RR = Quadrature x Cos^orr + In-phase x SinfcoRR 
and 

In-phasecoRR = In-phase x Cos<(.corr - Quadrature x SinfcoRR. 
Advantageously $ C0RR j s adjusted in accordance with operating 
temperature of the gyroscope to maintain at a minimised value. 

For a better understanding of the present invention, and to show how the 
same may be carried into effect, reference will now be made, by way of 
example, to the accompanying drawings in which; 

Figure 1a is a schematic representation of a Cos 29 carrier vibration 
mode not according to the present invention, 

Figure 1b is a schematic representation of a Sin 29 response vibration 
mode not according to the present invention, 

Figure 2 is a schematic block diagram of a conventional control system 
for a Coriolis Vibrating Structure Gyroscope not according to the present 
invention, 

20 Figure 3 is a schematic block diagram of a digital control system for a 

Coriolis Vibrating Structure Gyroscope not according to the present invention, 

Figure 4 is a schematic block diagram of a digital control system for a 
Coriolis Vibrating Structure Gyroscope incorporating the ability to adjust the 
effective secondary drive phase within the software, according to the present 

25 invention, 

Figure 5 is a schematic block diagram of a digital control system for a 
Coriolis Vibrating Structure Gyroscope incorporating the ability to adjust the 
effective primary pick-off phase within the software, according to the present 
invention, 


15 
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The magnitude of the force is given by; 
F c =2MVQ AP p 
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where M is the modal mass, v is the effective velocity and Q apP is the applied 
rotation rate. The carrier mode vibration amplitude is typically maintained at a 
fixed level. This also maintains the velocity, v, at a fixed level and hence 
ensures that the developed Coriolis forces are directly proportional to the 
rotation rate, Q app . The amplitude of the motion induced by these Coriolis forces 
may be enhanced by accurately matching the resonant frequencies of the 
carrier and response modes. The motion is then amplified by the Q of the 
response mode giving enhanced device sensitivity. When operating in an open 
loop mode the sensitivity (scalefactor) of the gyroscope will be dependent on 
the Q of the secondary mode, which may vary significantly over the operating 
temperature range. This dependence may be eliminated by operating the 
device in closed loop (force feedback) mode. In this mode the induced 
response mode motion is actively nulled with the applied force required to 
achieve this now being directly proportional to the rotation rate. 

15 Closed loop operation may typically be implemented using conventional 

prior art control loops as shown schematically in Figure 2. In Figure 2 the ring 
shaped vibrating structure 1 is excited into carrier mode resonant motion by a 
primary drive means 2 which motion is detected by primary pick-off means 3. 
The signal detected at 3 is demodulated at demodulators 4 prior to application 
to the carrier mode control loops 5 and re-modulated at re-modulator 6 before 
application to the primary drive means 2. The carrier mode control loops 5 
include a phase locked loop 7 which compares the relative phases of the 
primary pick-off and primary drive signals and adjusts the frequency of a voltage 
controlled oscillator 8 to maintain a 90° phase shift between the applied drive 
and vibrating structure motion. This maintains the motion at the resonance 
maximum. The primary pick-off signal is also applied to an automatic gain 
control loop 9 which compares the primary pick-off signal level to a fixed 
reference level V e . The primary drive level is adjusted accordingly in order to 
maintain a fixed signal level and hence amplitude of motion of the vibrating 
structure 1 at the primary pick-off means 3. 

The response mode motion of the vibrating structure 1 is detected at 
secondary pick-off means 10. The output signal from means 10 is demodulated 
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at demodulators 1 1 to separate the in-phase and quadrature components of this 
signal with the in-phase component being passed to an in-phase loop 12 and 
with the quadrature component of this signal being passed to a quadrature loop 
13. The in-phase component is that which is at the same phase as the carrier 

5 mode motion. The Coriolis forces induced by applied rotation rates will 
generate motion with both in-phase and quadrature components. The 
quadrature component is an error term which arises due to the mode 
frequencies not being precisely matched. Loop filtering is applied to these 
demodulated base band DC signals by the loops 12 and 13 to achieve the 

10 required system performance such as bandwidth etc. The resultant signals are 
then remodulated at remodulators 14 and summed together by an adder 15 for 
application to secondary drive means 16 in order to maintain a null at the 
secondary pick-off means 10. The in-phase baseband signal, which is 
directionally proportional to the in-phase component of the response mode drive 

15 applied to the vibrating structure 1 via the secondary drive means 16 is scaled 
and filtered at filter 17 to produce a rate output signal 18. 

For this mode of operation the scalefactor in response to an applied 
rotation rate, is given by: 

SF ^=-^~ -"- (2) 


k&ppo8sD 


20 where V 0 is the primary mode amplitude set level, co is the primary mode 
resonance frequency, k is a constant including the resonator dimensions, Gb is 
the Bryan factor (modal coupling coefficient), g PP0 is the primary pick-off gain 
and g S D is the secondary drive gain. 

The Vibrating Structure Gyroscope described in GB 2322196 may also 
25 be used in conjunction with a digital electronic control system such as described 
in GB 2329471. This conventional digital electronic control system is shown in 
Figure 3 of the accompanying drawings where like components previously 
described in respect of Figure 2 will be given like reference numerals and not 
further described in detail. For this implementation signals from the primary and 
30 secondary pick-off means 3 and 10 respectively, are digitised directly at 
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analogue to digital converters 19. The demodulation is then implemented in 
software 20 for both the in-phase and quadrature channels. The phase locked 
loop 7 and automatic gain control loop 9 functions are implemented as software 
functions. A digital control word is generated to drive the analogue voltage 
5 control oscillator 8 circuit at the earner mode resonant frequency which controls 
the timing of the modulation and drive updates. The loop filters 12 and 13 
respectively for the in-phase and quadrature channels of the secondary mode 
are also implemented in software 20. The drive levels to be applied to the 
primary and secondary drive means 2, 16 are calculated in the software 
10 algorithms and applied via digital to analogue converters 21 . The secondary in- 
phase channel signal is filtered by the output filter 17 to give the appropriate 
characteristics for the rate output signal 18. In Figure 3 the automatic gain 
control set level input is shown at 22. 

In an ideal case, that is with perfectly phased electronics and identical 
15 carrier and response mode frequencies for the vibrating structure 1, there will 
be no motion detected at the secondary pick-off means 10 when the gyroscope 
is not rotating. In reality, small geometric imperfections, arising during the 
gyroscope fabrication process, will give rise to a small splitting of the mode 
frequencies. This splitting will also tend to fix the angular position of the modes 
20 at an arbitrary angle, a, with respect to the primary drive means 2. When a is 
not equal to 0° the primary drive force will excite both modes to some extent. 
The phase locked loop 7 will adjust the drive frequency to achieve a 90° phase 
shift between the applied drive and the vibrating structure motion, as detected 
by the primary pick-off means 3. However significant motion will exist along the 
25 secondary axis which will be predominately in quadrature phase with respect to 
the primary motion. In a closed loop system this motion will be nulled by a 
quadrature force component applied by the secondary drive means 16. 

The quadrature drive level required to null this signal is referred to as the 
quadrature bias and is defined as: 
30 Qquad = K x AF x sin 4a ( 3 ) 


30 GB 2322471. Any variation in this signal when the gyroscope is rotated is 
indicative of a phase error. The origin of this effect is described below. 
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The phase error, fa is measured with respect to the primary resonance 
motion! The phase locked loop 7 locks on to the primary motion, as measured 
by the primary pick-off means 2 and provides a logic signal which acts as a 
reference to control the phasing/timing of the demodulation and re-modulation 
processes for both the in-phase and quadrature channels. When the gyroscope 
is rotated a Coriolis force is developed which is in-phase with the primary 
motion. In a perfect system this force is directly nulled by an in-phase force 
component applied via the secondary drive means 16. A phase error, fe 0 , in 
the secondary drive means 16 will therefore result in some of the signal 
required to generate the nulling force appearing in the quadrature channel. 
Similarly, a phase error in the primary pick-off means 3, <j. PP0 , will give rise to an 
error in the timing of the reference logic signal in the electronics which will 
propagate into the secondary loops effectively cross-coupling the in-phase and 
quadrature channels. The secondary pick-off signal is maintained at a null by 
the force feedback and therefore the accuracy of this phase response is of less 
concern. A primary drive phase error will result in the primary oscillation 
frequency being slightly away from the resonance maximum. While this will 
introduce a small reduction in the drive gain this will not effect the bias as the 
phasing is referred back to the primary resonance motion. Phase errors in the 
secondary pick-off and primary drive will not give rise to bias errors and are 
therefore of less concern. 

The rate dependence of the quadrature signal is given by: 

SF QUAD =SF IN-PHASEXSin(<fisD+0Pro) (5) 

Measurement of the ratio of the in-phase and quadrature scalefactors 
25 therefore gives a direct measurement of sin (fa D + fa P0 ) from which the total 
phase error (fa = fa, + fa> 0 ), can be obtained directly. Measurement of the total 
phase error using this technique has the advantage that it can be performed on 
a completed gyroscope assembly without the requirement for any additional 
equipment or mechanical test procedures. The normal calibration procedure for 
any Coriolis gyroscope requires the assembly to be rotated at a range of known 
rotation rates on a rate table. This procedure provides a measurement of the 
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rate scalefactor, SFrate. and allows this parameter to be adjusted to a pre-set 
value using well known techniques. Simply recording the data available on the 
quadrature channel provides a measurement of SF QUA d and hence +e. 

Thus the method of the present invention for reducing bias error in a 
Vibrating Structure Gyroscope having a vibrating structure 1, primary drive 
means 2 for putting the vibrating structure 1 into carrier mode resonance, 
primary pick-off means 3 for sensing carrier mode motion, secondary pick-off 
means 10 for sensing response mode vibration of the vibrating structure 1 in 
response to applied rotation rate, closed loop primary control loops for 
maintaining a fixed amplitude of motion at the primary pick-off means 3 and for 
maintaining the drive frequency at the resonance maximum, and secondary 
control loops for maintaining a null at the secondary pick-off means 1 0, includes 
the steps of measuring the ratio SFquad over SF, N -phase from the secondary 
control loop to provide a direct measurement of Sin (fee + <1»ppo) according to 
the relationship (5) given above where SFquad is the quadrature scale factor, 
SFin-phase is the in-phase scale factor, 4>sd is the phase error in the secondary 
drive means 16 and 4> PP0 is the phase error in the primary pick-off means 3. 
The total phase error fe is obtained directly from the measured Sin (feo + *ppo) 
according to the relationship; 
20 <(>e = <{>sd + 4>ppo as given above 

and phase corrections are applied to the secondary drive means 16 and/or 
primary pick-off means 3 to reduce the phase error fo= and hence the quadrature 
bias error to enhance the performance of the gyroscope. 

When the method of the present invention is used for the gyroscope 
25 having analogue primary and secondary control loops with variable value 
capacitors (not shown) the phase corrections are applied by varying the values 
of the variable value capacitors in the secondary control loop relating to the 
secondary drive means 16 and/or the values of the variable value capacitors in 
the primary control loop relating to the primary pick-off means 3 to adjust feo 
30 and/or such that * e is minimised in value. Thus as the requirement is for 
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= 0 this can be conveniently achieved by adjusting either or 4> P p 0 provided 
4>sd + <i>ppo = 0. 


Adjustment of <|>e is more easily accomplished using the digital electronic 
control system of GB 2322196. A phase correction can be introduced within the 
5 software of the control loop algorithms as shown schematically in Figure 4 
where the correction is applied to the secondary drive means 16. Again in 
Figure 4 parts previously shown in Figures 2 and 3 and previously discussed 
will be given like reference numerals and not specifically described in further 
detail. Thus in this context in the method of the present invention when used 

10 with a gyroscope having digital primary and secondary control loops the phase 
corrections equal to (j> E are applied to the secondary drive means 16 via the 
secondary control loop in a manner such as to cross-couple in-phase and 
quadrature drive channels by an amount equal and opposite to the combined 
effect of the phase errors in the vibrating structure 1. In the Figure 4 

15 arrangement <))corr is applied to a phase correction unit 24 connected between 
the remodulators 14 and the adder 15. A further remodulator 23 is located 
between the voltage controlled oscillator 8 and the automatic gain control 
filter 9. 

This correction can alternatively be applied to the primary pick-off 
20 means 3 as shown in Figure 5 in which like components previously described 
and referenced will be given like reference numerals and not described further 
in detail. In the Figure 5 arrangement the phase correction unit 24 is located in 
the primary control loop for application to the primary pick-off means 3 so as to 
cross-couple in-phase and quadrature drive channels by an amount equal and 
25 opposite to the combined effect of the phase errors in the vibrating structure 1 . 
To this end the phase correction unit 24 is located between the quadrature and 
in-phase demodulators 4 and the phase locked loop filter 7 and automatic gain 
control loop filter 9 as shown in Figure 5. 

The functionality of the phase correction is shown in Figure 6 in which 
30 again like features previously described have been given like reference 
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numerals and will not be further described in detail. An adder 25 and a 
differencer 26 are included. 

When applied on the secondary drive, the in-phase and quadrature 
components are each multiplied by slnfeoRR and cosfcoRR and the effective 
phase of each channel adjusted by applying the following summations: 

QuadraturepoRR = Quadrature x cos+corr + In-Phase x sin(j>coRR - - - (6) 
ln-Phase C oRR = ln-Phasexcos(|)coRR- Quadrature xsin<t.coRR --"( 7 ) 
The gyroscope scalefactor information is conventionally obtained by 
measuring the uncalibrated gyroscope output over a range of applied rotation ' 
rates. A typical data set obtained for the in-phase rate channel is shown in 
Figure 7. The scalefactor for in-phase is obtained from the slope of the line 27. 
The equivalent line 28 for the quadrature channel is also shown in Figure 7. 
The finite slope of line 28 is indicative of a phase error. 

The correlation of SFquad with fe is shown in Figure 8. This data was 
obtained from SFquad measurements over a range of values of *corr. The 
offset is attributable to a known hardware phase error. The resolution 
achievable is clearly visible from this graph and indicates that it is possible to 
set the phase to an accuracy of <0.05°. This represents over an order of 
magnitude improvement in the calibration accuracy of this parameter and is 
equivalent to a reduction in the contribution of the quadrature bias error, Oar, 
from 0.87°/s to <0.087°/s. 

An additional advantage when applying the method of the invention in 
conjunction with digital control electronics is that it is possible to adjust the 
phase compensation dependent' upon the ambient temperature of the gyro. 
Coriolis gyroscopes are required to operate over a temperature range of - 40°C 
to + 85°C in typical applications. The phase errors within the hardware are 
known to vary, in a systematic manner, over this range. The measured 
variation for a typical automotive sensor is shown in Figure 9. The phase error 
for this sensor has been corrected, using the method of the present invention, to 
be approximately zero at room temperature. In any application requiring high 
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performance it is usual to provide a direct measurement of the sensor ambient 
temperature. This is typically achieved by incorporating a temperature sensor 
within, or in close proximity to, the gyroscope. If the temperature variation of 
the phase error is known then <|>corr can be adjusted in accordance with the 

5 measured temperature using a simple algorithm function in order to maintain 
<|>e~0 o . For high performance applications it is necessary to characterise the 
sensor performance over the full operating temperature range. The test 
procedure involves measurement of the bias and scalefactor at a range of 
temperatures. The quadrature scalefactor, SFquad, may also be readily 

10 recorded as part of this procedure to provide the necessary data on the 
temperature variation of fa 
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CLAIMS 

A method for reducing bias error in a Vibrating Structure Gyroscope 
having a vibrating structure, primary drive means for putting the vibrating 
structure into carrier mode resonance, primary pick-off means for 
sensing carrier mode motion, secondary pick-off means for sensing 
response mode vibration of the vibrating structure in response to applied 
rotation rate, secondary drive means for applying a force to control the 
response mode motion, closed loop primary control loops for maintaining 
a fixed amplitude of motion at the primary pick-off means and for 
maintaining the drive frequency at the resonance maximum, and 
secondary control loops and for maintaining a null at the secondary pick- 
off means, in which the ratio SFquad divided by SFin-phase is measured 
from the secondary control loop to provide a direct measurement of 
Sin (<(>sd + <I>ppo), according to the relationship; 

SFquad = SF| N -phase x Sin (<|>sd + <t»ppo) 
where SFquad is the quadrature scalefactor, SFin-phase is the in-phase 
scalefactor, <j> S o is the phase error in the secondary drive means and <t)p P0 
is the phase error in the primary pick-off means, the total phase error <|>e 
is obtained directly from the measured Sin (<f>sD + <t»ppo) according to the 
relationship; 

<t>E = <t>SD + <!>ppo 

and phase corrections applied to the secondary drive means and/or 
primary pick-off means to reduce the phase error <|>e and hence the 
quadrature bias error to enhance the performance of the gyroscope. 

A method according to Claim 1, when used with a gyroscope having a 
silicon vibrating structure. 

A method according to Claim 2, when used with a gyroscope having a 
substantially planar, substantially ring shaped vibrating structure. 

A method according to any one Claims 1 to 3, when used with a 
gyroscope having analogue primary and secondary control loops with 
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variable value capacitors, in which the phase corrections are applied by 
varying the values of the variable value capacitors in the secondary 
control loop relating to the secondary drive means and/or. the values of 
the variable value capacitors in the primary control loop relating to the 
primary pick-off means to adjust 4>sd and/or fopo such that <(>e is 
minimised in value. 

A method according to any one of Claims 1 to 3, when used with a 
gyroscope having digital primary and secondary control loops, in which 
the phase corrections equal to <|>e are applied to the secondary drive 
means via the secondary control loop in a manner such as to cross- 
couple in-phase and quadrature drive channels by an amount equal and 
opposite to the combined effect of the phase errors in the vibrating 
structure control system. 

A method according to any one of Claims 1 to 3, when used with a 
gyroscope having digital primary and secondary control loops, in which 
the phase corrections equal to <|>e are applied to the primary pick-off 
means by the primary control loop in a manner such as to cross-couple 
in-phase and quadrature drive channels by an amount equal and 
opposite to the combined effect of the phase errors in the vibrating 
structure control system. 

A method according to Claim 4 or Claim 5, in which in-phase and 
quadrature signal components are each multiplied by Sin <|>corr and 
Cos<|)corr» where <|>corr, is the phase correction, and the effective phase 
of each in-phase and quadrature channel adjusted according to the 
summations. 

QuadraturecoRR = Quadrature x Cos^corr + In-phase x SinfcoRR 
and 

In-phasecoRR = In-phase x Cos^corr - Quadrature x Sin<J) C oRR. 
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8. A method according to Claim 6, in which (j> C oRR is adjusted in accordance 
with operating temperature of the gyroscope to maintain $e at a 
minimised value. 

9. A method for reducing bias error in a Vibrating Structure Gyroscope, 
5 substantially as hereinbefore described and as illustrated in Figures 4, 5, 

or 6 as modified or not by Figures 1, 7, 8 or 9 of the accompanying 
drawings. 

10. A Vibrating Structure Gyroscope operated according to the method of 
any one of claims 1 to 8. 
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ABSTRACT 

METHOD FOR REDUCING BIAS ERROR IN A VIBRATING STRUCTURE 

GYROSCOPE 

5 A method for reducing bias error in a Vibrating Structure Gyroscope having a 
vibrating structure (1), primary drive means (2). for. putting the vibrating 
structure (1) into carrier mode resonance, primary pick-off means (3) for 
sensing carrier mode motion, secondary pick-off means (10) for sensing 
response mode vibration of the vibrating structure (1) in response to applied 

10 rotation rate, secondary drive means (16) for applying a force to control the 
response mode motion closed loop primary control loops for maintaining a fixed 
amplitude of motion at the primary pick-off means (3) for maintaining the drive 
frequency at the resonance maximum, and secondary control loops for 
maintaining a null at the secondary pick-off means (10). In the method the ratio 

15 SFquad over SFin. PH ase is measured from the secondary control loop to provide 
a direct measurement of Sin (fe D + <t>ppo), according to the relationship 
SFquad = SF in .phasex Sin (<|>sd+<|>ppo) where SFquad is the quadrature 
scalefactor SF| N -phase is the in-phase scalefactor, 4» S d is the phase error in the 
secondary drive means and <j> PP0 is the phase error in the primary pick-off 

20 means. The total phase error <|>e is obtained directly from the measured Sin 
(<j> SD + 4ppo) according to the relationship; $ E = <!>sd + <I>ppo and phase corrections 
applied to the secondary drive means (16) and/or primary pick-off means (3) to 
reduce the phase error ife and hence the quadrature bias error to enhance the 
performance of the gyroscope. 
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